Increment and decrement probe thresholds were measured during the presentation of two types of temporal masking stimuli. In Experiment 1, we measured thresholds for increment or decrement rectangular probes presented during the presentation of an increment or decrement Gaussian masking stimulus. We find that thresholds are higher when the probe and the Gaussian mask are of the same sign (e.g. both increments). However, both types of Gaussian mask raised increment and decrement probe thresholds above steady state conditions. In Experiment 2, we presented increment or decrement probes at one of eight possible phases of a 1 Hz luminance-modulated sine wave. For both increment and decrement probes, threshold variation with phase is non-sinusoidal in shape, but increment and decrement probe thresholds vary as a function of the sinusoid phase. These experiments show that increment and decrement thresholds vary as a function of the adaptation state of the visual system, and as a function of the direction of change in the adaptation state. Data from both experiments are discussed in terms of a recent neurophysiological model [Hood & Graham (1998) . Threshold fluctuations on temporally modulated backgrounds: a possible physiological explanation based upon a recent computational model. Visual Neuroscience, 15 (5), 957 -967]. We find that the predicted ON-and OFF-pathway responses do not correlate in a straightforward manner with the psychophysical thresholds, suggesting that detection of increment and decrement probes may not be performed exclusively by one pathway. Our data have implications for modeling visual performance under conditions where visual adaptation is dynamic, such as when scanning complex images or natural scenes.
Introduction
Several psychophysical studies have measured detection of luminance increments and decrements of light from a fixed luminance level (Boynton, Ikeda & Stiles, 1964; Ikeda & Boynton, 1965; Short, 1966; Patel & Jones, 1968; Rashbass, 1970; Roufs, 1974) . These studies have described the visual system's performance for detecting light changes above and below a steady field, while the visual system is in a relatively steady state of adaptation. Other studies have measured visual detection while the visual system is in a state of adaptive flux (Boynton, Sturr & Ikeda, 1961; Shickman, 1970; Geisler, 1978; Hood, Ilves, Maurer, Wandell & Buckingham, 1978; Geisler, 1981 Geisler, , 1983 Hayhoe, Benimoff & Hood, 1987; Graham & Hood, 1992; Hood, Graham, von Wiegand & Chase, 1997; Wu, Burns, Elsner, Eskew & He, 1997) . While these studies have focused on the processing of luminance increments only, there have been few studies to address both increment and decrement detection while temporally varying the state of adaptation of the visual system (e.g. Poot, Snippe & van Hateren, 1997) , which is the goal of the current study.
Psychophysical detection thresholds naturally depend upon the state of activity within the various neural pathways that respond to a stimulus. When the luminance of the visual field is temporally modulated, the activity in these pathways is also modulated as the pathways attempt to reach a steady state of adaptation. The degree to which a particular pathway is stimulated will depend upon its sensitivity to the temporal modulation. If we consider the responses of the ON-and OFF-pathways, the activity within the ON-pathway is increased and the activity within the OFF-pathway decreased as luminance of the field is increased (Kuffler, 1953) . The pathway responses are reversed as the luminance of the field is decreased. As the ON-and OFFpathways are hypothesized to function as channels for efficient processing of light increments and decrements, respectively (Jung, 1973; Schiller, Sandell & Maunsell, 1986) , it seems reasonable to relate psychophysical increment and decrement detection to the response properties of these pathways using a paradigm that will cause differential stimulation of the two systems.
An approach often used to study functional properties of visual channels is a masking paradigm. In such a paradigm, the masking stimulus is presented in the same interval as the test stimulus. The detection threshold for the test stimulus will be raised in the presence of the mask if the pathway(s) that detect the test stimulus are also sensitive to the mask. Masking paradigms have been used recently to model the properties of the ON-and OFF-pathways with respect to pattern vision (Stelmach, Bourassa & Di Lollo, 1987; Tyler, Chan & Liu, 1992; Bowen & Wilson, 1994; Bowen, 1995 Bowen, , 1997 Bowen & de Ridder, 1998) , and the contributions of these pathways to increment detection upon a sinusoidally modulated background (Hood & Graham, 1998) .
In the present study, we use two different temporal masking paradigms to measure detection of increment and decrement luminance probes. In the first experiment, we present increment or decrement probes upon a background that is increased or decreased in luminance as a Gaussian waveform. In the second study, we present increment or decrement probes at various phases of a background that is modulated as a sine wave. The second study borrows from a paradigm that has been used to study and model light adaptation, but so far only using increment probes (Boynton et al., 1961; Shickman, 1970; von Wiegand, Hood & Graham, 1995; Wu et al., 1997) . We also analyze the psychophysical data in terms of a recent neural model (Wilson, 1997; Hood & Graham, 1998) which predicts ON-and OFF-pathway responses for the masking stimuli we use.
Methods

Obser6ers
The authors (ages 26 -36) served as subjects in all experiments. All three are experienced psychophysical observers.
Apparatus
For the experiments described in this paper, stimuli were presented via a two-channel Maxwellian view optical system using a 450 W xenon arc lamp as the light source (Osram, Germany, Model XBO 450 W). One channel was used to present a rectangular probe that served as the test stimulus. A second channel presented a temporally modulated masking stimulus. Light modulation within both test and masking channels was produced by passing a collimated image of the arc in each channel through a 570 nm interference filter and then onto a high-speed mirror galvanometer (General Scanning, Watertown, MA). The position of the galvanometer was computer controlled by varying the voltage sent to it from a 16 bit D/A converter (GW Instruments, Somerville, MA). Each galvanometer controlled the amount of light that passed into an integrating sphere. The light output from the integrating sphere in each channel was optically combined and passed through a circular field stop, and imaged by a final lens to create a stimulus field of 2°visual angle with a dark surround. Observers viewed the field through a 3 mm artificial pupil and used a chin rest for head stabilization.
Calibrations
Each channel was independently calibrated for linearity using a high sensitivity integrated silicon photocell/operational amplifier in photovoltaic mode (United Detector Technology, UDT-451). The photodetector was placed at the plane of the artificial pupil, and each galvanometer was moved through its full range to generate calibration curves which reflected the relative percent light output of each channel. Polynomials were fit to these curves to create linearization functions for each channel.
The illuminance of each optical channel was determined using a calibrated radiometer/photometer (International Light, IL-1700). Troland (Td) values were derived using the method of Nygaard and Frumkes (1982) . With neutral density and 570 nm interference filters in each channel, the maximum retinal illuminances of channels 1 and 2 were 1990 and 1840 Tds, respectively.
Experiment 1
Gaussian masking stimuli
In this experiment, thresholds were measured for increment and decrement probes that were presented coextensive in space with a single cycle of a temporal Gaussian masking stimulus. Increment and decrement thresholds were measured for each of five different positive (increment) and negative (decrement) Gaussian contrasts. The goal of this experiment was to obtain threshold functions, as a function of mask contrast, for detection of increment and decrement probes.
3.1.1. Stimuli  Fig. 1 shows the luminance profiles for the four probe-Gaussian combinations that were tested. The Gaussian masking stimulus had a total duration of 1 s and a time constant (i.e. standard deviation) of 130 ms. The formula used for the Gaussian was standard:
Because the Gaussian stimulus was not a continuous waveform, and it modulated above or below a steady background, we used the convention of Shapley and Enroth-Cugell (1984) and defined contrast in terms of the Weber ratio. The Weber contrast for the Gaussian was
where L B is the illuminance of the steady field (1174 Tds) and L P is the maximum illuminance reached at the peak of the Gaussian waveform (or L T , the minimum illuminance reached at the trough of the Gaussian). Increment and decrement probe thresholds were measured in the presence of both increment and decrement Gaussian masks. Probe thresholds were measured for Gaussian contrasts of 920, 40, 60, and 80%. The duration of the test probe was 50 ms.
Psychophysical procedure
A yes/no paradigm was used to measure probe thresholds. Observers were instructed to detect perturbations in the slowly changing field, as opposed to signaling when they saw a probed increment or decrement. Near threshold, none of the observers could discriminate increment from decrement probes.
A test session consisted of determining thresholds for both increment and decrement probes against a Gaussian masking stimulus that had a particular contrast and polarity. A randomized double staircase procedure presented both increment and decrement probes during a test session. For each staircase, test stimuli were initially presented at supra-threshold contrasts, and the step size was halved at each reversal until a threshold step size of approximately 2% was reached. The mean of six reversals occurring with this threshold step size was used to generate one estimate of threshold. Ten of these threshold estimates were averaged and used as the final estimate of threshold for each subject. Fig. 2 shows increment and decrement probe thresholds measured during the presentation of the increment and decrement Gaussian masking stimulus for the three observers. To facilitate comparison between increment and decrement data, both Gaussian contrast and probe thresholds have been plotted as the absolute value of the metric. Probe threshold is defined as the change in probe illuminance level required to detect the probe from the steady background mean illuminance.
Results
Threshold versus contrast (TVC) curves were derived for both increment and decrement probes by plotting probe threshold as a function of Gaussian contrast for both increment and decrement Gaussians. We also measured detection thresholds for increment and decrement probes in the absence of a Gaussian masking stimulus, but at illuminance levels equal to those achieved at the peak (or trough) of each of the Gaussian contrasts. These data are shown as the open and filled triangles in Fig. 2 , and represent each observer's response solely to the change in background illuminance that accompanies the modulation of the Gaussian (an increase in illuminance relative to the steady level for the increment Gaussian, and a decrease in illuminance for the decrement Gaussian). Fig. 2A shows TVC curves for increment and decrement probes obtained in the presence of an increment Gaussian masking stimulus (open and filled squares). Note that the functions for increment and decrement probes have different shapes, but intersect at a Gaussian contrast of 20%. At 20% contrast, observers' responses do not differ substantially from those measured on a steady, illuminance-adjusted field (cf. squares and triangles). For Gaussian contrasts above 20%, the two TVC curves begin to separate. Two main features are evident from these functions: (1) thresholds for increment probes are higher than thresholds for decrement Threshold versus contrast (TVC) curves for increment and decrement probes. Each datum point represents the mean (9 1 S.E.M.), calculated using between-session variability. (A) TVC curves for increment and decrement probes (open and closed squares) presented during the presentation of an increment Gaussian mask. These thresholds were obtained for probes presented on a steady field with an illuminance equal to that achieved at the peak of the Gaussian for a given contrast level. (B) TVC curves for increment and decrement probes (open and closed squares) presented during the presentation of a decrement Gaussian mask. In both (A) and (B), probe threshold is given as the change in Trolands from the mean illuminance required to detect a probe. In addition, detection thresholds were also measured for increment and decrement probes in the absence of any Gaussian mask (open and filled triangles). Gaussian contrast and probe thresholds are plotted as absolute values in order to facilitate comparisons between the increment and decrement data.
probes; and (2) the Gaussian mask elevates thresholds for both increment and decrement probes above that predicted by the associated change in illuminance at each contrast. Also note that thresholds measured on the steady field (triangles) increase with respect to Gaussian contrast since higher contrast increment Gaussians achieve higher absolute illuminance levels. Fig. 2B shows TVC curves for increment and decrement probes obtained in the presence of a decrement Gaussian masking stimulus. As a reminder, Gaussian contrast and probe threshold have been plotted as the absolute value of the respective metric. At 20% contrast for the decrement Gaussian, increment and decrement probe thresholds are similar to thresholds for probes presented on an illuminance-adjusted steady field (again, cf. squares and triangles). As the decrement mask contrast increases, decrement probe thresholds become increasingly higher than increment thresholds and the two TVC curves separate. Above 20% contrast, the probe thresholds (squares) are higher than would be predicted by a change in illuminance alone (triangles). Here, thresholds measured on the steady field (triangles) decrease with respect to Gaussian contrast because high contrast decrement Gaussians achieve lower absolute illuminance.
For observers AH and TP, increment and decrement probe thresholds are similar when measured on the static, illuminance-adjusted field (triangles). Only observer PD shows a tendency to be slightly more sensitive to decrements. However, in the presence of the Gaussian mask, thresholds for probes that are the same polarity as the mask are elevated more than probes that are opposite in polarity to the mask. This suggests that the temporal modulation of the Gaussian stimulus, not solely the absolute illuminance, is responsible for selectively altering probe sensitivity. The data also show that the increment mask is more effective in elevating thresholds, although the Weber contrast of the increment and decrement Gaussians are equivalent at each level.
Because the majority of the threshold elevation caused by the mask appears to be due to the temporal modulation of the stimulus, we questioned how thresholds would be affected by altering the temporal phase relationship between the probe and the Gaussian. To address this issue, we measured thresholds for increment and decrement probes presented at two additional phases with respect to the Gaussian masking stimulus: 125 ms before the peak (or trough) and 125 ms after the peak (or trough) of the waveform, which is approximately 1 sd away from the peak of the Gaussian. This experiment was carried out only at the highest Gaussian contrast (i.e. 9 80%) since the masking effect was usually greatest at this contrast. The psychophysical procedures were the same as in the initial experiment, and only one phase was tested in a given session. Fig. 3A shows increment and decrement probe thresholds measured at the three phases of the increment Gaussian mask. The '0' position represents probes presented at the peak of the Gaussian and are analogous to the 80% contrast data presented in Fig.  2A for the increment Gaussian. The 'steady field' condition represents an observer's detection thresholds for probes presented upon a steady field that is equal to the Fig. 3 . Thresholds for increment and decrement probes presented at three phases of a Gaussian mask. Each datum point represents the mean (9 1 S.E.M.) calculated using between-session variability. (A) Thresholds for increment and decrement probes presented at different phases of an increment Gaussian mask. The '0' position represents probes presented at the peak of the Gaussian waveform, and are the same data that are shown in Fig. 2A for a increment Gaussian contrast of 80%. The 'steady field' condition represents an observer's detection thresholds for probes presented upon a steady field that is equal to the illuminance achieved at the peak of the increment Gaussian waveform. (B) Thresholds for increment and decrement probes presented at three phases of a decrement Gaussian mask. Here, the '0' position represents probes presented at the trough of the Gaussian waveform, and are the same data that are shown in Fig. 2B for a decrement Gaussian contrast of 80%. The 'steady field' condition represents an observer's detection thresholds for probes presented upon a steady field that is equal to the illuminance achieved at the trough of the decrement Gaussian waveform. illuminance achieved at the peak of the 80% contrast Gaussian. Inspection of Fig. 3A shows that the modulation of the Gaussian raises increment and decrement thresholds relative to the steady field condition. In addition, thresholds for increment probes are higher than decrement thresholds at each phase measured. Note that thresholds for probes are lower at + 125 ms than at −125 ms, even though the physical contrast of the mask is the same at these two phases. The variation of threshold with respect to phase does not follow a Gaussian profile, as might be expected if adaptation perfectly tracked the modulation of the mask. Fig. 3B shows the phase data collected with the decrement Gaussian; here, '0' represents thresholds measured at the trough of the waveform. Decrement probe thresholds are highest at +125 ms, not at 0 ms, suggesting a lag in adaptation relative to the mask modulation. In addition, the increment thresholds are higher than decrement thresholds at − 125 ms and + 125 ms, similar to that found for the increment Gaussian (Fig. 3A) . Only at 0 ms do the data of Fig.  3A and B reveal a change in the direction of the asymmetry between increment and decrement thresholds. Finally, note that the steady field thresholds are lower for the decrement mask (Fig. 3B ) than for the increment mask (Fig. 3A) as the absolute illuminance is lower at −80% contrast than at + 80% contrast.
Previous data have shown that increment thresholds differ depending upon whether the test stimulus is presented following a decrement step in luminance, or following an increment step (Geisler, 1981 (Geisler, , 1983 Hayhoe et al., 1987; Poot et al., 1997) . In light of this, we examined whether thresholds would systematically vary if the probe occurred either on the rising or falling slope of the Gaussian waveform. The inset at the top of Fig.  4 illustrates the comparison we made to address this issue. We averaged observers' data from Fig. 3 and compared probe thresholds for the rising phase of the Gaussian masks (i.e. where illuminance is increasing, A & D in inset) and the falling phase of the masks (i.e. where illuminance is decreasing, B & C in inset). By examining the bar graph in Fig. 4 , one can see that both increment and decrement probe thresholds are higher during the rising phase of the Gaussian mask than during the falling phase. We collapsed across probe type, and performed a paired t-test to compare thresholds for the rising phase against thresholds for the falling phase (i.e. [A + D] − [B+ C]); this difference is statistically significant (t= 5.68, P = 0.03). Therefore, it appears that when illuminance is increasing, the masking effect is greater than when illuminance is decreasing, irrespective of the polarity of the Gaussian or the probe.
Experiment 2
Sine wa6e masking stimulus
In this experiment, we adopted a paradigm that has been used in the past to investigate light adaptation. Previous studies have measured increment thresholds upon backgrounds that were modulated either as a square wave (e.g. Boynton et al., 1961) or sine wave (Shickman, 1970; Hood et al., 1997; Wu et al., 1997) to quantify how dynamically varying the adaptation state alters increment thresholds. However, none of these studies reported the effect of a modulating field upon decrement thresholds. We assumed that a modulated background can mask detection of increments and decrements of light depending upon when a probed test is presented with respect to the phase of the modulated background. By varying the width of the probe, one can also address issues of temporal integration within the ON-and OFF-pathways (e.g. Roufs, 1974) .
Stimuli
Thresholds were determined for probed increments and decrements coincident with a 1 Hz sinusoidally modulated stimulus. Thresholds were measured at eight different phases of the stimulus (0, 45, 90, 135, 180, 225, 270, and 315°) , and for probe durations of 100, 50, 25, and 12 ms at each phase. The sine wave had a Michelson contrast of 63% and modulated around a mean illuminance of 741 Tds. Fig. 5 shows the luminance profile of the sinusoidal masking stimulus along with the eight possible positions of the test probes.
Psychophysical procedure
One experimental session consisted of determining thresholds for increment and decrement probes for a given phase and probe duration. On each trial, either an increment or decrement probe was presented during each cycle of the sine wave. The method of adjustment was used to allow subjects to find thresholds for both increment and decrement probes, presented randomly across trials. By using the method of adjustment, we were able to study the effects a continuous modulating field has upon increment and decrement sensitivity.
As was true for Experiment 1, observers were instructed to signal when they detected a perturbation in the stimulus field, rather than discriminate whether they detected a transient increase or decrease in the perceived brightness of the field. At the beginning of a session, probe contrast was set to 0% and was adjusted by the observer to find his detection threshold. Threshold vs. phase plots for both increment and decrement probes were generated for each of the four probe durations. Fig. 6 shows threshold vs. phase plots for three observers for probe durations of 100, 50, 25, and 12 ms. We also measured detection thresholds for increment and decrement probes on a steady field with an illuminance equal to that achieved at each phase of the sinusoid. These thresholds are shown only for the 100 ms probe duration in the first row of plots (open and filled triangles). These data represent changes in threshold due solely to the change in illuminance that accompanies the modulation of the background.
Results
The remaining curves in Fig. 6 show variations in threshold across phase and probe duration for increment and decrement probes. Note that most of these curves only approximate a sinusoidal shape. This result has been previously reported for increment probe thresholds measured on modulated fields (Boynton et al., 1961; Shickman, 1970; Hood et al., 1997; Wu et al., 1997) . One consistent finding across all observers is that the lowest threshold for increment probes is found at a phase of 90°, which corresponds to the minimum illuminance of the sinusoid. The highest threshold for increment probes varies somewhat, occurring between 180 and 225°. The lowest threshold for decrement probes is typically at 45°, and the highest threshold is also in the range of 180 and 225°.
To test for differences between the detection curves generated for the increment and decrement probes, we performed a three factor repeated measures analysis of variance (ANOVA) on the threshold data; probe duration, probe polarity (increment or decrement), and phase served as within subjects factors. Recall that our goal in Experiment 2 was to determine how a modulated background could mask detection of probed increments and decrements, depending upon the phase of the background where probes were presented. Thus, the most important result from the ANOVA with respect to our original research question was a significant interaction between probe polarity and phase (F (7,14) = 22.9, Fig. 5 . Luminance profile of the sinusoidal masking stimulus. The masking stimulus had a Michelson contrast of 63%, and was continuously modulated at 1 Hz around a mean illuminance of 741 Tds. The figure also shows the eight possible phase positions of the increment and decrement test probes. Fig. 6 . Threshold versus phase plots for three observers for probe durations of 100, 50, 25, and 12 ms. In addition, detection thresholds for 100 ms increment and decrement probes presented on a steady field with an illuminance equal to that achieved for each phase of the sinusoid (first row of plots, open and filled triangles). Each datum point represents the mean of 21 thresholds ( 91 S.E.M.) calculated using between-session variability. Note scale change for 12 ms probe. P =0.0001). This means that the variation in increment thresholds differs from the variation in decrement thresholds as a function of phase. By examining Fig. 6 , it is apparent that at some phases, increment thresholds are higher than decrement thresholds, whereas at other phases, the decrement thresholds are higher (e.g. 90°). In order to determine which phases contribute to the probe-phase interaction, we performed a simple effects analysis at each phase (collapsed across duration), comparing increment and decrement thresholds. We found a significant difference in increment and decrement thresholds only at two phases, 90°(F (7, 14) =34.98, P = 0.02) and 135°(F (7, 14) =48.92, P = 0.01). The ANOVA also revealed a main effect for probe duration (F (3,6) = 11.93, P= 0.0001) which, from inspection of the data, indicates that observers became less sensitive as probe duration decreased (i.e. Bloch's law). In support of this finding, note the change in y-axis scale required for the 12 ms data.
Discussion
Rele6ance to pre6ious findings
As in previous studies with increments (Boynton et al., 1961; Shickman, 1970; Hood et al., 1997; Wu et al., 1997) , we find that sensitivity for increments and decrements depends upon the phase relationship between the probe and the modulated background. A variant of the probed-sine wave paradigm was first used by Boynton et al. (1961) to measure detection thresholds for brief lights presented at various phases of a background that was modulated at 15 or 30 Hz. Boynton et al. (1961) used square wave modulation and very short duration probes ( B3 ms) but still observed that the square wave modulation raised thresholds above a steady state level (a so-called dc shift) and that there was a modulated component to the threshold versus phase plots in that thresholds followed the square wave modulation at 15 and 30 Hz. Shickman (1970) measured thresholds for increment probes at various phases of sinusoidal background that modulated at one of six frequencies between 3.1 and 10 Hz. Shickman found that the threshold versus phase plots are not sinusoidal in shape. In addition, Shickman's data also showed that the highest threshold does not correspond to the peak luminance at the sinusoid; rather, the highest threshold is phase delayed relative to the peak of the sinusoidal background by about 45°.
When probes are accompanied by flashed luminance pedestals, and both are presented against a larger uniform field, increment and decrement thresholds display the classic 'dipper' function (e.g. Whittle, 1986; Cole, Stromeyer & Kronauer, 1990) . However, increment probe thresholds measured concurrent with, or after the onset of, an adapting field (Geisler, 1981 (Geisler, , 1983 Hayhoe et al., 1987) do not display a dipper function. The facilitation seen in the dipper function (on static fields) is either non-existent or is masked by the dynamic nature of probed-flash or probed-sine wave paradigms (Boynton et al., 1961; Shickman, 1970; Hood et al., 1997; Wu et al., 1997; and the current study) .
While there appears to be no difference in temporal integration for increment or decrement probes (Roufs, 1974) , psychophysical studies of light adaptation using the probe-flash paradigm have found that the time course of adaptive mechanisms is different following the onset or termination of a background (Geisler, 1981 (Geisler, , 1983 Hayhoe et al., 1987) . Hayhoe et al. (1987) have shown that multiplicative (or divisive) mechanisms are complete within about 50 ms after the onset of a background but take some 200 ms to recover after background termination. A recent study by Poot et al. (1997) examined detection thresholds for 10 ms test flashes presented at various delays relative to increment or decrement steps in background luminance. Poot et al. (1997) found that adaptation was faster following decrements than after increments in background luminance. Even more, they suggest that the initial threshold elevation following a step in luminance is due to the temporal contrast of the background step. As can be seen in Fig. 4 , we likewise find that thresholds are lower following a decrease in illuminance than an increase in illuminance.
There is physiological evidence which shows that the visual system adapts much more quickly following a decrement in luminance. Yeh, Lee and Kremers (1996) measured the recovery of contrast gain in macaque parvocellular and magnocellular ganglion cells following changes in retinal illuminance or chromaticity. Yeh et al. (1996) found that both ON-and OFF-center magnocellular cells adjusted their contrast gain for a 10 Hz signal very rapidly following a large, sevenfold drop in illuminance. Adaptation was almost complete within about 100 ms. However, following a large increment in background illuminance, cells required several seconds in order to bring their contrast gain to a steady state level. These data suggest that both ON-and OFF-center magnocellular cells have similar time courses of adaptation, consistent with the findings reported here, as well as by Poot et al. (1997) .
Modeling the response of the ON-and OFFpathways
Wilson (1997) developed a computational neural model designed to predict both neurophysiological and psychophysical data for a broad range of spatiotemporal stimuli. Wilson's model incorporated the response of both ON-and OFF-center magnocellular and parvocellular ganglion cell pathways. Hood and Graham (1998) used a revised version of Wilson's model to predict threshold variation of a short duration luminance increment probe presented at different phases of a 1 Hz sinusoidally modulated background. They concluded that both ON-and OFF-magnocellular pathways contribute to detection of increment probes under those conditions. Here, we utilize the revised Wilson model (Hood & Shady, personal communication) to correlate the predicted ON-and OFF-pathway responses to the psychophysical detection thresholds. Fig. 7A and B show a comparison of the data presented in Fig. 3 , averaged for the three observers, along with the results of the revised Wilson model for the increment and decrement Gaussian masking stimuli. The increment and decrement Gaussian masking stimuli are shown at the bottom of Fig. 7A and B, respectively. Above the masking stimuli are shown the ONand OFF-pathway responses obtained from the revised Wilson model. Note that the ON-and OFF-pathway responses are 180°out of phase with each other and that the peak pathway response is either phase advanced or phase delayed with respect to the Gaussian mask. The flat portion of each curve represents the time during which that pathway is clamped due to reciprocal inhibitory feedback from the other pathway. Pathway responses for the increment Gaussian condition are smaller due to modeling of the inhibitory feedback onto cones from inter-plexiform and horizontal cells, which is stronger for positive d.c. shifts in luminance (Wilson, 1997; Shady, personal communication) .
The pathway responses do not correlate in a straightforward manner with the variation in psychophysical thresholds. For example, observers are more sensitive to decrement probes in the presence of the increment Gaussian, even during clamping of the OFF-pathway (Fig. 7A) . The large asymmetry in thresholds at 0 ms is also not easily explained, since the pathway responses are similar in amplitude (albeit opposite in direction). Clearly, one cannot simply conclude that the ON-pathway exclusively detects increments, or that the OFFpathway exclusively detects decrements, from the predicted pathway responses. Fig. 8 shows a comparison of the data from Fig. 6 (now averaged) with results of the revised Wilson model for the sinusoidal masking stimulus. We have plotted our data with a different phase convention than that of Hood and Graham (1998) , so for comparison, we have re-plotted our 12 ms data as an inset figure using the phase convention adopted by Hood and Graham (1998) . The 12 ms data shown in the inset exhibit the same trend as the 10 ms data presented by Hood and Graham (1998) .
The individual pathway responses do not follow a sinusoidal pattern, and a sinusoidal pattern cannot be generated from the envelope of the curves, or by simple additive or multiplicative combinations of the curves (data not shown). Here again, the individual pathway responses are not related in a straightforward manner to the probe thresholds. For example, there are no obvious features in the pathway responses that would lead one to predict higher sensitivity to decrements between the phases of 135°and 225°. Response clamping should cause the OFF-pathway to have a higher threshold than the ON-pathway at these phases. One Fig. 8 . The upper portion of Fig. 8 shows the same data that was presented in Fig. 6 , plotted as the average of three observers for each probe duration. The lower half of the figure provides modeled ON-and OFF-pathway responses to the 1 Hz sine wave masking stimulus. The inset figure exhibits the 12 ms data plotted with the same phase convention as used by Hood and Graham (1998). might infer that the ON-pathway is more sensitive to decrements than increments at these phases, which is counterintuitive given the assumption that the 'preferred sign' stimulus would be an increment probe. These comparisons suggest that both ON-and OFFpathways may contribute to both increment and decrement detection during dynamic adaptation (e.g. Hood & Graham, 1998) . Physiological models of ON-and OFF-pathway responses must account for differences in sensitivity to increments and decrements seen with temporally modulated fields.
In this paper we have shown that increment and decrement probe thresholds vary in consert with temporal modulation of visual adaptation. Increment and decrement thresholds may also differ, depending upon the temporal phase of the modulation. Models of visual performance must take into account the differential sensitivity to increments and decrements as visual adaptation is modulated in a rapid fashion, such as when scanning a complex natural image. Our data also relate to understanding of the role of the ON-and OFF-pathways. The functionality of these pathways becomes evident when the adaptation state (and hence threshold) of an individual pathway is raised so that it is less effective in responding to probe stimuli. In this case, the less adapted pathway may provide the strongest detection signal for novel stimuli so that visual sensitivity remains high throughout a wide range of adapting levels.
